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Abstract 
Wellbore completions are a key well component and could have either a positive or a negative impact on productivity, thus 
designing a suitable completion and implementing it properly must be a priority for production engineers. Consequently, well 
productivity indices related to specific completion designs have received much attention in the literature, with analytical and 
numerical models used for simulating various completion properties. The completion impact on wellbore skin effect, however, 
is seldom documented.  
This paper looks at the effect of completion and reservoir characteristics on skin factors, and focuses on perforated, gravel-
packed and frac-packed wells. For this study, a commercial black oil simulator was used to simulate different reservoir 
conditions and completion strategies and the resulting skin effects were estimated by well test analysis of the corresponding 
synthetic pressure and rate data.  
Results show that decreasing perforation density and tunnel length leads to high skin values due to wellbore flow 
restrictions. Moreover, it shows how a damaged gravel-pack with a high contrast compared to a large formation permeability 
value will result in high skin values that range between 1 and 100.  Finally, in frac-pack completions, it is important to find the 
right balance between formation permeability and proppant permeability in the fracture as well as the permeability contrast 
between the proppant and the gravel as this dictates how a frac-pack will perform. Thus, depending on permeability of 
proppant and gravel-pack, skin values for frac-pack completions range between -2.5 to 15 
 
 
Introduction 
In the early days of the oil Industry, wells were completed open-hole or barefoot, i.e. the only restriction to flow of oil to the 
well was due to drilling induced damage caused mainly by drilling mud. Increased reservoir complexities such as increased 
depth, heterogeneities and unconsolidated sands, prompted operators to utilize different completion schemes in order to 
mitigate any of the associated possible risks. Examples of such risks include severe pressure drop around the wellbore that 
hinders well productivity and uncontrollable sand production that damages bottom-hole and surface equipment. Therefore, 
over time, completions such as perforated wells, gravel-packed wells and frac-packed wells were developed.  
Associated with completions is a dimensionless pressure drop around the wellbore due to what has been called a wellbore 
skin effect. The concept was introduced by van Everdingen (1953) and Hurst (1953) after they observed a greater pressure drop 
near the wellbore in buildup analysis than what had been expected. Whereas the skin concept has been examined theoretically 
in the oil and gas literature, there is little information on the specific impact of completion strategies on wellbore skin effect. 
This paper intends to fill this gap by looking at the impact of completion properties on the resulting skin, taking into account 
reservoir and fluid properties as well as completion characteristics. The focus is on perforated, gravel-packed and frac-packed 
wells. 
Van Everdingen (1953) and Hurst (1953) attributed the observed additional pressure drops to a severely reduced 
permeability zone around the wellbore that could have been the result of drilling, completion and production practices. They 
suggested a better match between calculated and observed field data would be obtained if it was assumed that the permeability 
of the formation around the wellbore was reduced. Van Everdingen (1953) argued that this cylindrical zone of reduced 
permeability was small and the volumes of fluid within this zone were also small when compared to the volumes of fluid in the 
drainage area. He thus concluded that any pressure transient response from this zone had to be of very short duration and that 
the equation of pressure drop due to a well being produced at a constant rate and for a known period of time with the inclusion 
of skin could be written as: 
 
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2) + 0.80907 + 2𝑆] ................................................................................................................................... (1) 
 
Δp= Pressure Drop (psia)    q= Flow Rate (stb/Day) 
μ= Viscosity     ke= Permeability of Unaltered Zone (mD)   
t= Time (hr)     h= Thickness (ft) 
Imperial College 
London 
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c= Wellbore Storage (stb/psia)   ϕ= Porosity 
rw= Wellbore Radius (ft)    S= Skin  
 
Hawkins (1956) extended the concept by relating skin to the permeability of the altered zone. He assumed the altered zone 
has a permeability of ka and a radius of ra. Beyond the altered zone, the original permeability ke exists and extends to the 
boundaries of the drainage area. Hawkins expressed the additional pressure drop required to overcome the skin as: 
 
∆𝑝𝑠 =
𝑞𝜇𝑙𝑛(𝑟𝑎/𝑟𝑤)
2𝜋𝑘𝑎ℎ
−
𝑞𝜇𝑙𝑛(𝑟𝑎/𝑟𝑤)
2𝜋𝑘𝑒ℎ
 ……....................................................................................................................................... ..... (2) 
 
Δps= Pressure Drop due to Skin (psia)  ka= Altered Permeability Zone (mD)  
ra= Radius of Altered Zone (ft)    
 
Adding Eq. 2 to the equation for pressure drop of a well producing at constant rate without skin:  
 
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2) + 0.80907]……..................................................................................................................................... (3) 
 
yields: 
 
∆𝑝𝑡 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2) + 0.809 + 2 (
𝑘𝑒
𝑘𝑎
− 1) 𝑙𝑛(𝑟𝑎/𝑟𝑤)]……................................................................................................. (4) 
 
Δpt= Total Pressure Drop (psia) 
 
Comparing Eq. 4 with Eq. 1, Hawkins concluded that the skin effect could be defined as: 
 
𝑆 = (
𝑘𝑒
𝑘𝑎
− 1) 𝑙𝑛 (
𝑟𝑎
𝑟𝑤
) ……........................................................................................................................................................... (5) 
 
Eq. 5 shows that the skin effect can be calculated from the altered zone permeability and can be positive or negative depending 
on whether the permeability of the altered zone is smaller or larger than the permeability of the reservoir beyond the affected 
zone (Hawkins, 1956). 
Hurst et al. (1969) expanded on the earlier research by showing that in a situation where the skin effect is negative, 
equations led to a negative production, i.e. an injection, should occur, contrary to what actually occurred. The authors 
suggested overcoming this mathematical difficulty by introducing an effective wellbore radius rwa: 
 
ln (
𝑟𝑒
𝑟𝑤𝑎
) = ln
𝑟𝑒
𝑟𝑤
+ 𝑆……........................................................................................................................... ................................... (6) 
 
Rearranging Eq. 6 yields Eq. 7: 
 
𝑟𝑤𝑎 = 𝑟𝑤𝑒
−𝑆…….................................................................................................................................................................... ...... (7) 
 
 For wells with negative skin, the effective wellbore radius can be considered larger than the actual radius of the well: the 
apparent radius rwa is where the estimated pressure drop in an ideal reservoir would equal the pressure drop of a real reservoir 
including skin effect.  
The skin factor can be obtained from the intercept of the semi-log plot of pressure vs. time defined by Eq. 1 (or the 
corresponding Horner plot). Actually, the intercept yields the total skin factor which includes several skin components 
(Gringarten, 2010):  
 
𝑆𝑇𝑜𝑡𝑎𝑙 = 𝑆𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 + 𝑆𝐹𝑙𝑢𝑖𝑑 + 𝑆𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 + 𝑆𝐺𝑒𝑜𝑙𝑜𝑔𝑦   ............................................................................................................ (8) 
 
The focus of this paper is on 𝑆𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 , the skin effect caused by the completion used in the well.  
Introduction of The Simulation Model and Methodology 
The Model 
The well is assumed not to have been damaged by drilling nor acidized, thus eliminating the mechanical skin 𝑆𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 . 
The fluid is single-phase oil, to avoid 𝑆𝐹𝑙𝑢𝑖𝑑  due to turbulence, condensate banking or multiphase flow. In addition, the 
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reservoir is assumed isotropic and not fissured, to eliminate the geological skin 𝑆𝐺𝑒𝑜𝑙𝑜𝑔𝑦 . Therefore, the only skin effect 
included in the model is due to completion and it is evaluated by varying the type of completion and its properties.  
For this study, a commercial black oil simulator
1
 was used to build a cuboid homogeneous oil reservoir model with a vertical 
well placed in the center, penetrating the entire reservoir (Fig. 1). A 3-D cartesian grid was used to simulate fractures and frac-
packs. A refined grid in the x and y directions around the vertical well was used to capture the near wellbore pressure transient 
responses and flow regimes as accurately as possible thus enabling a more accurate assessment of wellbore skin due to 
completion strategies and reservoir properties (Fig. 2). The model had an initial reservoir pressure of 5018 psia and a base case 
horizontal permeability of 250 mD and a kv/kh ratio of 0.1. Table 1 summarizes the rest of the model rock and fluid attributes. 
 
 
Fig. 1: The Base Case Model 
 
 
 
Fig. 2: A Close Up on the Model Showing the Fine Grid 
Property Value Unit 
Size 141x141x4 (79524) Cells  
Dimensions 1 x 1 x 0.1 km 
Initial Reservoir Pressure 5018 psia 
Permeability X-Direction 250 mD 
Permeability Y-Direction 250 mD 
Permeability Z-Direction 25 mD 
Porosity 25 % 
Wellbore Radius 0.312 ft 
Hydraulic Fracture Half Length 164 ft 
Formation Volume Factor 1.2 rbbl/STB 
Viscosity 1 cp 
Reservoir Thickness 328 ft 
Table 1: Summary of Base Case Model Properties 
Methodology 
The process of calculating the skin factor is as follows: (1) a completion type is defined in the wellbore and reservoir properties 
are specified; (2) the well is allowed to produce for 25.6 hours and synthetic pressure and rate data are generated; and (3) 
pressure transient analysis is performed on pressure and rate data, using log-log and semi-log plots to calculate skin values.  
The model was validated by first running the base case (Table 1) with an open-hole completion. A good match is obtained 
in Fig. 3 and Table 2 with the analytical solution for a well with wellbore storage and skin in an infinite reservoir with 
homogeneous behavior. For further validation, a vertical hydraulic fracture extending from top to bottom of the reservoir was 
created in the vertical well. A good match is obtained in Fig. 4 and Table 3 with the analytical solution for a well with an 
infinite conductivity vertical fracture in an infinite reservoir with homogeneous behavior. A sensitivity run on the impact of 
initial water saturations on skin effect was conducted. Water saturations of 0, 20% and 30% were used and showed that skin 
effect is insensitive to initial water saturation. 
 
                                                          
1
 tNavigator from Rock Flow Dynamics 
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Fig. 3: Pressure Response and the Derivative on a Log-Log Plot of the 
Base Case Model with an Open-Hole Well 
 
Fig. 4: Pressure Response and the Derivative on a Log-Log Plot of the 
Base Case Model with a Hydraulic Fracture 
 
Property Value % Error Unit 
pi 5019 0 psia 
pwf 4970  psia 
kh 82000 0 mD.ft 
k 250 0 mD 
C 0.002  bbl/psi 
S -0.52    
ri 1090  ft 
PI 64.96  B/D/psi 
Dp(S) -3.41  Psi 
Table 2: Summary of the PTA Results of the Base Case 
Property Value % Error Unit 
pi 5018 0 psia 
pwf 4850  psia 
kh 82000 1.4 mD.ft 
k 250 1.5 mD 
C 0.08136  bbl/psi 
xf 141.0 5.5 ft 
S(w) 0.01    
S(t) -5.41    
ri 1108  ft 
Table 3: Summary of the PTA Results of the Fractured Well 
Simulations, Results and Discussion 
Skin effect in Perforated Wells 
The concept of perforating wells was introduced in the 1920’s. The early perforation techniques were mainly mechanical, 
utilizing blades or wheel type knives to “perforate” the casing at any desired depth. However, due to the unconvincing results, 
mechanical perforators were not widely used (Handren, et al., 1993). Bullet perforation techniques came in the early 1930’s 
and soon became the most common technique until the mid 1940’s. However, the desire to develop a reliable method that does 
not leave behind any material inside the perforation tunnel drove Ramsey Armstrong and his research partners to start 
experiments on shaped charges as a perforation technique in 1946. They were able to lower a hollow steel carrier and detonate 
it to create perforations at the desired depth. The first commercial job based on this technique and was done for Gulf Oil 
Company in 1949, and from then on the oil industry adopted this technique as the standard method to perforate wells (Handren 
et al., 1993).  
The industry has been evaluating perforated wells for long periods with the aim of improving design and productivity. 
There are several models in the literature that have focused mainly on well productivity rather than wellbore skin effect. For 
example, Klotz et al (1974) used a computer model to evaluate well productivity of perforated wells with drilling and 
perforation damage. He used a tube model for perforation modeling and concluded that in the case of a severely damaged zone 
around the wellbore it was more important to extend the depth of the perforation beyond the damaged zone than to increase the 
shot density. Locke (1981) also used tube shaped perforations in a computer model to evaluate the productivity and concluded 
that increasing shot densities would increase productivity and a 90
o
 phasing was the best option because it limits interference 
between perforations. On the other hand, Todd and Bradley (1988) used a wedge shape perforation in their numerical model 
and concluded that at least 12 shot per foot (SPF) is needed to get good levels of productivity and that a 60
o
 phasing is the best 
option to optimize productivity. Yildiz and Ozkan (1999) developed a 3D analytical model to predict pressure behavior and 
derivatives of perforated wells. Tariq (1987) used finite element modeling to examine the productivity in perforated wells. He 
Pressure Change 
Derivative 
Analytical Solution 
Pressure Change 
Derivative 
Analytical Solution 
Impact of Completion of Wellbore Skin Effect  5 
was able to include the non-Darcy effect in his analysis for the first time in the industry. Tariq’s main conclusions were the 
confirmation of Locke’s qualitative results but also showed that Locke’s method over predicted the results by 5 to 10%. 
Moreover, Tariq demonstrated the importance of perforation phasing and the impact of the crushed zone surrounding the 
perforation. Finally, he concluded that a significant reduction in high-rate gas wells is due to the non-Darcy effect around the 
perforation. 
Two different perforation methods are commonly used today. The first method is overbalanced perforation where the 
pressure in the wellbore is higher than that in the reservoir and creates a zone of reduced permeability surrounding the 
perforation called the crushed zone. The second method is underbalanced perforation where the pressure of the formation is 
slightly higher than the wellbore pressure, and in theory there is no crushed zone.  
In this paper, perforations were simulated with fractures of infinite permeability and 100% porosity, and dimensions 
corresponding to entry hole diameter and tunnel length of a typical perforation (Fig. 5 and Fig. 6). Reservoir properties are 
listed in Table 4.  In order to investigate perforation shot density, simulations with 2, 4, 8, 12 and 24 SPF and 180
o
 phasing 
were performed for different perforation tunnel lengths.  
 
 
 
Fig. 5: The Well with the 24 SPF (Yellow Shades are Perforations) 
 
 
Fig. 6: The well with 4 SPF (Yellow Shades are Perforation) 
 
 
Property Value Unit 
Size 141x141x4 (79524) Cells  
Initial Reservoir Pressure 5018 psia 
Permeability X-Direction 500 mD 
Permeability Y-Direction 500 mD 
Permeability Z-Direction 50 mD 
Porosity 30 % 
Wellbore Radius 0.312 ft 
Reservoir Thickness 1 ft 
Table 4: Summary of the Model with the Perforated Well 
Fig. 7 and Fig. 8 show the underbalance pressure response for 4 SPF and 24 SPF. Pressure transient analysis of the model 
responses for different shot densities indicates that as perforation density increases, the pressure drop in the vicinity of the well 
for any tunnel length decreases leading to lower or even negative skin values (Fig. 9). Likewise, as tunnel length increases for 
any shot density, the pressure drop around the wellbore decreases and so does the skin effect, mainly because there is less 
restriction and a larger contact area with the reservoir (Fig. 10). Similar results are obtained with increasing the entry hole 
diameter (Fig. 11). On the other hand, reservoir permeability and fluid properties (viscosity, formation volume factor and 
relative permeability) have no impact on the skin factor (Fig. 12) and (Fig. 13). Typical skin factors are in the 5 to -1 range. 
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Fig. 7: Pressure Response for a well with a 24 SPF 
 
 
Fig. 8: Pressure Response for a Well with a 4 SPF 
 
 
 
Fig. 9: Shot Per Foot (SPF) vs. Skin for Underbalanced Perforation 
 
Fig. 10: Tunnel Length vs. Skin for Underbalanced Perforation 
 
For simulating overbalanced perforations, a zone of reduced permeability was placed around the perforations mimicking 
the crushed zone that occurs in practice, schematically represented in Fig. 14. The same runs as for overbalanced perforations 
were made, first with a crushed zone permeability equal to 10% of the reservoir permeability. In that case, skin values were 
approximately 10 times higher than for underbalanced perforations (Fig. 15). If the crushed zone permeability is 50% of the 
reservoir permeability instead of 10%, however, the skin value is only approximately twice that for underbalanced perforations 
(Fig. 16).  
 
Pressure Change 
Derivative 
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Fig. 11: Entry Hole Diameter vs. Skin Factor 
 
Fig. 12: Sensitivity of Formation Permeability on Resultant Skin Factor 
for Underbalanced Perforation 
 
 
Fig. 13: Impact of Fluid on Skin for Underbalanced Perforation 
 
Fig. 14: Overbalanced Perforation (Lang Zhan et al.) 
 
Fig. 15: Comparison between Overbalanced Perforation (Crushed Zone 
Permeability 50 mD) and Underbalanced Perforation 
 
Fig. 16: Comparison between Overbalanced and Underbalanced 
Perforation and the Relationship with Skin Factor 
 
Skin Effect in Gravel-Pack Completions 
Excessive sand and fine material productions alongside fluids from unconsolidated formations may damage down-hole valves, 
ESPs, separators and pipelines, and most importantly have a detrimental effect on well productivity. The problem of sand and 
clay production has been recognized very early in the oil industry and gravel packing was one of the first techniques used to 
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address the problem. It was first used by L. C. Uren in the 1920’s (Solum, 1986), and has evolved and developed since then.  
Employing gravel-packs, however, does not come without a price. Ideally, gravel-packs are designed with permeability and 
porosity higher than that of the formation, using either natural or synthetic clean, round sands (Schlumberger, 2007). The 
gravel should be small enough to stop migration of sand and clay, and large enough to stay packed behind the screen. 
However, due to fluid and slurry used in the packing process to transport the gravel, damage is usually induced in the final 
product. A possible damage cause is gels used in transport not breaking down, thus substantially reducing gravel-pack 
permeability and causing massive pressure drops with corresponding skin values between 40 and 60 (Pucknell J., Mason J., 
1992), (Schlumberger, 2007). Over time, damage may be induced by fine migrations blocking flow in the gravel and the 
screen, causing additional pressure drops around the well. Models exists in the literature that calculate the pressure drop due to 
gravel-pack placement, for instance by Yildiz and Langlinais (1988). Their analytical solution to the diffusivity equation 
(which they verified with an electrical analog) showed that perforation shot density had the biggest impact on pressure drop 
and that formation permeability anisotropy had an effect on pressure drop. Pucknell (1992) used an in-house finite element 
simulator to simulate perforations and cased-hole gravel-packs to evaluate productivity and provided a model and a set of 
equations to calculate pressure drops. His model helps to understand which parameter has the biggest impact on well 
productivity whether it is increasing perforation densities, penetration depth or any other parameter. 
This paper evaluates different gravel-pack to reservoir permeability ratios, with three different reservoir permeabilities and 
different permeability values for the gravel-pack. The gravel-pack was simulated as a zone of reduced permeability around the 
wellbore. For open-hole gravel-packs, the same well as in the base case model was used. An example of pressure response is 
shown in Fig. 17. The lower the permeability of the gravel-pack and the higher the reservoir permeability, the higher the skin 
effect (Fig. 18). The skin factor is actually inversely related to the ratio between the gravel-pack permeability and the reservoir 
permeability as seen in Fig. 19.  In the case of cased-hole gravel-packs, impedance to flow is not only caused by damage but 
also by entry restrictions caused by the perforations, resulting in additional pressure drops and higher skin values. In a reservoir 
of 250 mD with a gravel-pack permeability of 500 mD, the skin effect in an open-hole well is 0.6 whereas it is 9 for a cased 
hole well with 12 SPF. As in the open-hole case, the lower the permeability of the gravel-pack and the higher the reservoir 
permeability, the higher the skin effect (Fig. 20), and the skin factor is inversely proportional to the gravel-pack to reservoir 
permeability ratio (Fig. 21). As expected, the higher the cased-hole gravel-pack shot density, the lower the skin values (Fig. 
22). Typical skin values for open-hole gravel-pack completions are between 7 and 60, whereas for cased-hole gravel-packs, the 
range is between 20 and 70 (Furui et al, 2004; Pucknell J., Mason J., 1992; Schlumberger, 2007).  In both types of completion, 
to obtain low positive skin values, the ratios of gravel permeability to formation permeability must be at least 1 or greater and 
to have high perforation density in the case of cased-hole gravel-packs 
 
Fig. 17:  Example of a Pressure Response and the Derivative of a Well 
with a Gravel-Pack (Gravel Permeability 5 mD, Formation Permeability 
250 mD)  
 
Fig. 18: Impact of Increasing Gravel-Pack Permeability on Skin Factor 
at a Constant Formation Permeability 
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Fig. 19: Gravel Permeability to Formation Permeability vs. Skin Factor  
 
Fig. 20: Impact of Gravel Permeability on Skin 
Factor in a Cased Hole Gravel-Packed Well 
 
 
Fig. 21: Gravel Permeability to Formation Permeability Ratio vs. Skin 
Factor for a Cased-Hole Gravel-Packed Well with a 12 SPF 
  
Fig. 22: Impact of Perforation Density on Skin Factor in Cased Hole 
Gravel-Packed Wells 
Skin Effect in Frac-Pack Completions 
Frac-packing is a relatively new technology in the oil industry, and can be considered as the next step in the evolutionary 
path of sand control completions. This type of completion ensures effectiveness over the life of the well and allows higher 
production rates and lower skin values than gravel-packing only (Schlumberger, 2007). Frac-packing involves both 
hydraulically fracturing the reservoir to enhance productivity, and placing a gravel-pack to control and curtail sand production 
to the wellbore. Fractures are created using special fluids pumped at pressures higher than the formation fracturing pressure, 
and proppants are injected to maintain the fracture open. Screens in this type of completion are already in place at the time of 
pumping. The gravel used to control sand production is then set behind the screens. Frac-Packs are mainly used because they 
combine the benefits of enhanced productivity due to fractures and the curbing of sand production due to the gravel pack (Ellis, 
R. C., 1998; Schlumberger, 2007). The first successful frac-pack came in the late 1980’s with short and wide fractures. Since 
then frac-packs have been developed even further with longer and wider fractures. Frac-packs usually yield relatively 
undamaged to minimum damaged gravel-packs that would result in low to negative skin values if implemented properly.  
In this paper, we consider different gravel-packs, from damaged to undamaged, in order to cover all possibilities. The 
completion in the numerical model is such that flow occurs from the formation into the fracture and from the fracture into the 
wellbore through the gravel-pack (Fig. 23). An example of pressure response is shown in Fig. 24. Three permeabilities are 
interacting namely, the permeability of the reservoir with the permeability of the proppant in the fracture, and the permeability 
of the proppant in the fracture with the permeability of the gravel-pack. Fig. 25 shows pressure responses and derivatives 
different fracture proppant permeabilities, a gravel-pack permeability of 25 mD and a reservoir permeability of 250 mD: at low 
proppant to formation permeability ratios (2.5 in Fig. 25), the fracture is by-passed and no fracture flow is observed. Fracture 
flow starts to develop for ratios around 10, and there is a transition from formation radial flow to fracture flow which can be 
identified on the derivative plot. Finally, at higher ratios (above 20), finite conductivity fracture flow is fully developed and 
appears as a straight line of slope ¼ on the log-log derivative. The same information is expressed in terms of skin effect vs. 
proppant to formation permeability ratio in Fig. 26, where low, intermediate and high ratios are represented by the blue, red 
and green zones, respectively: Thus, to have an effective fracture, the ratio of proppant permeability to formation permeability 
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must be higher than 20, otherwise, the fluid will flow radially to the well through the gravel-pack causing high skin and 
additional pressure drop. Fig. 27 shows the sensitivity when the permeability of the fracture proppant is kept constant and the 
permeability of the gravel pack is varied. As evident from the plot, the lower the  gravel-pack to proppant permeability ratio, 
the higher the skin. A gravel-pack to proppant ratio between 0.1 and 1 coupled with proppant to reservoir permeability ratios 
above 20 is required to obtain the skin values between -1 and -2 observed in the field (Gringarten, 2012). Thus, care must be 
taken in designing frac-packs such that they can add value and serve the purpose they were designed for. 
Effect of Fine Migration in Gravel-Packs and Frac-Packs 
During the production phase, fine material such as clays and small sand particles in the reservoir tend to travel to the wellbore 
with the fluid. If a gravel-pack or frac-pack completion is placed in the well then the fine materials would tend to plug the void 
space in the gravel in both completions causing the permeability of the original gravel to decrease, resulting in positive skin 
values. As more time passes, more fine material plug the gravel-pack, reducing the permeability even further and consequently 
increasing skin values.  
Fig. 29 shows the change in pressure and the respective derivatives response for several open-hole gravel-pack 
permeabilities. Fig. 29 shows that fine migration increases the skin values as time progresses due to plugging of the gravel-
pack. This is further illustrated in  Fig. 30 where skin values increase with increasing gravel-pack to reservoir permeability 
ratio.  
The same effect can be seen and interpreted in the same manner in frac-packs (Fig. 31 and Fig. 32). 
 
 
Fig. 23: Simulation of a 15m Frac-Pack in The Model 
 
Fig. 24: Show an Example of a Pressure Response of a Well with a Frac-
Pack Completion (Fracture half-length 15 m, Gravel-pack permeability 
of 5 mD and Proppant Permaebility of 12500 mD) 
 
Fig. 25: Pressure Responses and derivatives for Different Frac-Packs 
with Different Fracture Proppant Permeability Coupled with a Constant 
Gravel-Pack Permeability of 25 mD and a Reservoir Permeability of 250 
mD for Proppant to Formation Permeability Ratios of 2.5, 4, 10, 25 and 
50 
 
Fig. 26: Proppant Permeability to Formation Permeability vs. Skin 
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Pressure Change 
 
Fig. 27: Impact of the Contrast between Gravel Permeability and 
Proppant Permeability on Skin Factor 
 
Fig. 28: Pressure Responses and derivatives for Different Frac-Packs 
with Different Gravel-Pack Permeability Coupled with a Constant 
Fracture Proppant Permeability of 12500 mD and a Reservoir 
Permeability of 250 mD for Gravel to Proppant Ratio of 0.0004, 0.002, 
0.008, 0.04, 1 
 
 
 
Fig. 29: Pressure and Derivative Response for an Open-Hole Gravel-
Pack with a Reducing Permeability Simulating Fine Migration 
 
 Fig. 30: Reducing Gravel-Pack Permeability vs. Skin Factor. 
 
 
Fig. 31: Pressure and Derivative Response for a Frac-Pack with a 
Reducing Gravel-Pack Permeability Mimicking Fine Migration 
 
Fig. 32: Reducing Frac-Pack Permeability vs. Skin Factor. 
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Conclusions and Recommendations 
The paper examined three types of completions commonly in the industry: Perforated Wells, Gravel-Packed Wells and Frac-
Packed wells. Production with these completions was simulated with a black oil simulator and and the calculated pressure 
responses were analyzed to obtain skin values for different completion parameters and reservoir properties. The main 
conclusions from this research are as follows: 
 
1. Depending on the crushed zone permeability, overbalanced perforations would result in substantial pressure drops 
around the perforation tunnel leading to high skin values. 
2. Underbalanced perforations create minimum additional pressure drops around the perforation tunnels. 
3. Increasing perforation shot density results in lower skin values due to lesser restriction to flow.  
4. Increasing tunnel perforation length and entry hole diameter lead to lower skin values. 
5. The larger the contrast between the permeability of the gravel-pack and the formation permeability, the larger the 
pressure drops and skin values around the wellbores. 
6. In open-hole gravel-packed wells, an inversely proportional relationship is observed between the ratios of gravel-pack 
permeability to formation permeability. 
7. The permeability of the gravel-pack must be such that it is higher than or close to that of the formation to minimize 
skin values. 
8. To obtain the low skin values between 1 and 10, one must ensure that the gravel permeability to formation 
permeability ratio is 0.1 or greater in an open-hole gravel-pack completions. For cased-hole gravel-packs, the ratio 
must be greater than the value of 1. 
9. Depending on permeability of gravel-pack and reservoir, values of skin range between 1- 100 
10. Frac-packs are an excellent completion strategy because they combine the enhanced productivity from a fracture with 
the sand control from a gravel-pack. 
11. Three permeabilities are interacting with each other in the case of frac-pack completions. Formation permeability with 
fracture proppant permeability, as well as fracture proppant permeability with gravel-pack permeability. 
12. There must be large contrast between fracture proppant permeability and formation permeability to observe fracture 
flow, otherwise the fluid flows radially to the wellbore through the gravel-pack only. 
13. The permeability of the gravel must be as close as possible to the permeability of the fracture proppant to have low to 
negligible skin values around the well. 
14. To have an effective frac-pack and the skin value observed in practice of around -1 to -2, proppant permeability to 
formation permeability ratio must be over 20 and gravel-pack permeability to proppant permeability ratio must be 
between 0.1 and 1. 
15. Depending on permeability of proppant and gravel-pack, skin values range between -2.5 to 15 
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Nomenclature 
C= Wellbore Storage (stb/psia) 
ct= Total Compressibility (1/psia) 
h= Thickness (ft) 
k= Reservoir Permeability (mD) 
ka= Altered Permeability Zone (mD) 
ke= Permeability of Unaltered Zone (mD) 
kgp= Permeability of Gravel-pack (mD) 
kh= Horizontal Permeability (mD) 
kh= Permeability Thickness (mD.ft) 
kp= Permeability of Proppent (mD) 
kv= Vertical Permeability (mD) 
pi= Initial Reservoir Pressure (psia) 
PI= Productivity Index (stb/psia) 
pwf= Bottom Hole Flowing Pressure (psia) 
 
q= Flow Rate (stb/Day) 
ra= Radius of Altered Zone (ft) 
ri= Radius of Investigation (ft) 
rw= Wellbore Radius (ft) 
rwa= Effective Wellbore Radius (ft) 
St= Total Skin () 
Sw= Mechanical Skin () 
t= Time (hr) 
xf= Fracture Half Length (ft) 
ΔpPressure Drop psa 
Δps= Pressure rop Due toSkin (psia) 
Δpt= Total Pressure Dop (psia) 
μ= Viscosity (cp) 
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Appendix A: Literature Review 
 
SPE 
Paper n 
Year Title Authors Contribution 
203-G 1953 
“The skin Effect and its Influences 
on the Productive Capacity of a 
Well” 
A.F.Van Everdingen 
Noticed that there is a difference between 
the pressure drop calculated and what is 
observed in pressure build ups. The author 
suggested that cause is due to a reduced 
permeability zone around the well. He 
coined the term skin, which is the 
additional dimensionless pressure drop 
due to damaged zone. 
732-G 1956 “A Note on the Skin Effect” Murray F. Hawkins Jr. 
Expanded on Van Everdingen view of skin 
and suggested a skin equation based on 
damaged permeability and formation 
permeability as well as radius of damaged 
zone and external boundary. 
1854-PA 1969 
“The Skin Effect in Producing Wells” 
 
William Hurst, J. Donald 
Clark, and E. Bernard Brauer 
Suggested a technique to overcome the 
mathematical difficulty of dealing with 
negative skin due to the fact it translates to 
a negative pressure. The authors suggested 
an effective well bore radius that is larger 
than the actual radius when negative skin 
is encountered. 
17167-MS 1988 
“Calculation of Pressure Losses 
Across Gravel Packs” 
T. Yildiz and J. P. Langlinais 
Provided a mathematical model to predict 
the pressure loss the gravel pack solving 
the diffusivity equation for laminar flow 
and utilizing proper boundary conditions. 
10649-PA 1983 
“The Effect of Perforating Conditions 
on Well Performance” 
Harry O. McLeod Jr. 
First to present a method to describe 
turbulent flow in perforated wells that are 
not gravel packed. 
18247-PA 1991 
“Semi-analytical Productivity Models 
for Perforated Completions” 
Metin Karakas and S.M. Tariq 
Presents a semianalytical solution for the 
estimation of skin in perforated 
completions as well as productivity in 
wells 
24984-MS 1992 
“Predicting the Pressure Drop in a 
Cased-Hole Gravel Pack Completion” 
J. K. Pucknell and J. N. E. 
Mason 
Demonstrated a new method for predicting 
pressure drops outside the casing for it to 
be used in cased hole gravel packs 
23827-MS 1992 
Analysis of Skin and  the 
Performance of Gravel-Packed 
Completions in Oil and Gas Wells 
C.U. Okoye, S. 
Suriyakriangkai, A. Ghalmbor, 
C. Alcocer 
Presented a mathematical solution for skin 
due to different completion such as: 
 Open hole gravel packed well 
 Cased hole perforated gravel 
packed well 
 Collapsed perforation tunnel 
gravel packed well 
B-6 The Petroleum 
Engineer 
1953 
“Establishment of the Skin Effect 
and Its Impediment to Fluid Flow 
Into a Well Bore” 
 
W. Hurst 
Documented the same observation made 
by Van Everdingen in which he noticed a 
greater pressure drop around the well than 
what was calculated for. 
SPE 4135 1951 Pressure Buil up in Wells D. R. Horner 
Presented the methodology for buildup 
analysis 
949305-G 
 
1949 
“The Application of the Laplace 
Transformation to Flow Problems in 
Reservoirs” 
 
A. F. Van Everdingen and W. 
Hurst 
The paper represents the work done by the 
authors in the area of flow in porous media 
utilizing Laplace transformation which 
simplified what was previously 
mathematical difficult to do. 
Table A - 1: Milestones in Literature Related to the Subject of the Paper 
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SPE 203-G (1953)  
The Skin Effect and its Influences on the Productive Capacity of a Well 
 
Authors: 
Van Everdingen, A. F. 
 
Contribution to the understanding skin effect:  
Noticed that there is a difference between the pressure drop calculated and what is observed in pressure 
build ups. The author suggested that cause is due to a reduced permeability zone around the well. He 
coined the term skin, which is the additional dimensionless pressure drop due to damaged zone. 
 
Objective of the paper:  
1. A method to compute the pressure drop due to alteration of permeability around the wellbore 
2. A method to find the value of skin and the equation of pressure drop including skin 
3. Final build up pressure 
4. The production of average permeability and thickness of producing formation 
 
Methodology used:  
The paper starts by presenting the pressure equation with the assumption of having incompressible fluids 
and moving on to a pressure equation assuming the compressibility of the fluids is small and constant. 
The author continues explaining that a better agreement between calculation and observed data in the field 
if it is assumed that the permeability of the formation at the well bore is altered either positively or 
negatively due to drilling operations, completions, production practices or stimulation. The author first 
introduced the equation of pressure drop with out skin and then as the though progressed skin was 
accounted for. The paper shows the derivation. 
Pressure drop equation 
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2 ) + 0.809]……….…………………………………………………...…………(A-1) 
Pressure drop with skin: 
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2 ) + 0.809 + 2𝑆]………………………………………………………………...(A-2) 
The author explains that the difference between theory and measured pressure data is due to a reduced 
permeability zone tha have a short transient response. 
Conclusion reached:  
 Skin is a result of an alteration of the permeability near the wellbore that leads to a pressure drop 
 Amount of fluid that can be withdrawn or stored in casing and tubing can be determined 
 Prevailing pressure and average permeability can be quantified 
 A value for skin can be calculated for a certain pressure drop 
 The author suggested that reperforating a well can extremely reduce skin as shown by his example 
in the paper 
 Moreover, he demonstrated that acidizing can also remove positive skin and improve well 
productivity 
 
Comments:  
Introduced the widely used term Skin in the petroleum industry. 
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 B-6 The Petroleum Engineer (1953)  
Establishment of the Skin Effect and Its Impediment to Fluid Flow Into a Well Bore 
 
Authors: 
Hurst, W. 
 
Contribution to the understanding skin effect:  
ocumented the same observation made by Van Everdingen in which he noticed a greater pressure drop 
around the well than what was calculated for. 
 
Objective of the paper:  
To explain the difference between the pressure response calculated and what is measured in the field 
 
Methodology used:  
Develops a methodology to explain the observed difference between pressure measured in the field and 
theory using mathematical models and Laplace equation. He also suggested that the difference could be 
due to reduced permeability zone. 
 
Conclusion reached:  
 A damaged zone near the wellbore exists which causes additional pressure drop 
 Reperforating wells help alleviate the skin effect 
 Using oil based mud would cause less damage 
 
Comments:  
Confirmed the views of Van Everdingen on Skin. 
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SPE 732-G (1956)  
A Note on the Skin Effect 
 
Authors: 
Hawkins Jr., M. F. 
 
Contribution to the understanding skin effect:  
Expanded on Van Everdingen view of skin and suggested a skin equation based on damaged permeability 
and formation permeability as well as radius of damaged zone and external boundary. 
 
Objective of the paper:  
To calculate the additional pressure drop required to overcome the present skin around the wellbore using 
the incompressible flow equation 
 
Methodology used:  
Utilized the pressure drop equation to calculate the pressure drop due to skin where  
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2 ) + 0.809] …………………………………………………………………...…(A-3) 
and 
∆𝑝𝑠 =
𝑞𝜇𝑙𝑛(𝑟𝑎/𝑟𝑤)
2𝜋𝑘𝑎ℎ
−
𝑞𝜇𝑙𝑛(𝑟𝑎/𝑟𝑤)
2𝜋𝑘𝑒ℎ
……………………………………………………………………..…………………..……(A-4) 
Where ra: Radius of damaged zone 
ka: Permeability of damaged zone 
Adding the pressure drop to the main pressure drop will give the total pressure drop with the presence of 
skin hence the equation would be: 
∆𝑝𝑡 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2 ) + 0.809 + 2 (
𝑘𝑒
𝑘𝑎
− 1) 𝑙𝑛 (
𝑟𝑎
𝑟𝑒
)]………………………………………………(A-5) 
 
Thus comparing the equation above with the one presented by Van Everdingen:  
∆𝑝 =
𝑞𝜇
4𝜋𝑘𝑒ℎ
[𝑙𝑛 (
𝑘𝑒𝑡
𝜇𝑐∅𝑟𝑤
2 ) + 0.809 + 2𝑆]……………………………………………………………….(A-6) 
We can conclude that skin: 
𝑆 = (
𝑘𝑒
𝑘𝑎
−
1) 𝑙𝑛 (
𝑟𝑎
𝑟𝑒
)…………………………………………………………………………………………….(A-7) 
Conclusion reached:  
1. The sign of the pressure drop due to skin will be either negative or positive depending on if ka is 
smaller or bigger than ke 
2. The productivity ratio and the skin are not directly related because of the uncertainty of the 
drainage radius and less so the well bore radius. 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =
𝑙𝑛(
𝑟𝑒
𝑟𝑤
)
𝑙𝑛(
𝑟𝑒
𝑟𝑤
)+𝑆
 ………………………………………………………………(A-8) 
3. Sink values below -6 are only encountered in extreme cases 
Comments:  
This is an expansion on the views of Van Everdingen and Hurst of skin effect as well as showing some 
sensitivities of how high and low can a skin value can be. 
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SPE 1854-PA (1969)  
The Skin Effect on Producing Wells 
 
Authors: 
William, H., Donald Clark, J., Bernard Brauer, E. 
 
Contribution to the understanding skin effect:  
Provided a technique to overcome the mathematical difficulty of dealing with negative skin due to the fact 
it translates to a negative pressure. The authors introduced an effective well bore radius concept which 
suggests that the effective well bore radius is larger than the actual radius when negative skin is 
encountered. 
 
Objective of the paper:  
To overcome the mathematical difficulty of dealing with negative skin and consequently negative 
pressures by introducing the effective wellbore radius concept. 
 
Methodology used:  
The author started from where Van Everdingen and Hurst stopped when they found the rate equation 
using the laplace transformations.  Through the use of superposition techniques, La Place transformation, 
Mellin inversion formula and Bessel function derivatives, the author shows extensively how he reaches 
his conclusion of effective wellbore radius concept. 
 
Conclusion reached:  
 
1. Cumulative fluid influx decreases with increased positive skin 
2. Cumulative fluid influx increased with when the absolute value of the negative skin increased 
3. To avoid mathematical difficulties we must assume wellbore radius larger than the actual wellbore 
in case of negative skin 
4. The larger the absolute value of a negative skin the larger the apparent or effective radius will be 
 
Comments:  
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SPE 24984-MS (1992)  
Predicting the Pressure Drop in a Cased-Hole Gravel Pack Completion 
 
Authors:  
Pucknell, J. K., Mason, J.N. E. 
 
Contribution to the understanding skin effect:  
Demonstrated a new method for predicting pressure drops outside the casing for it to be used in cased 
hole gravel packs 
 
Objective of the paper:  
To produce a comprehensive model to predict mechanical skin in cased hole gravel packed wells 
 
Methodology used:  
There are two models of what occurs behind casing 
Intact perforation model 
Collapsed perforation model 
 
The steady state radial flow equation for on oil well is defined by: 
 
∆𝑝 = 141.2𝑞𝑜𝜇𝑜𝐵𝑜(ln (
𝑟𝑒
𝑟𝑤
) + 𝑆 + 𝐷𝑞𝑜)/
ℎ𝐹𝑘𝑓………………………………………………………………………………(A-9) 
Skin is defined by: 
𝑆 = (
𝑘𝑒
𝑘𝑎
−
1) 𝑙𝑛 (
𝑟𝑎
𝑟𝑒
)……………………………………………………………………………………………………
…(A-10) 
 
the equations for the collapsed and intact perforation model are in the paper. 
Conclusion reached:  
1. It is difficult to determine the volume gravel placed behind pipe 
2. Little control on how much gravel will prepack the perforation 
3. Gravel permeability measured in the lab is optimistic when compared with what is encountered in 
practice 
 
Comments:  
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SPE 1236-MS (1966)  
The Effect of Perforating on Well Productivity 
 
Authors: 
Harris, M. H. 
 
Contribution to the understanding skin effect: 
Found a solution to the calculating the flow in cased and perforated wells. 
 
Objective of the paper:  
Using the apparent skin effect as a function of dimensionless properties well productivity ratios can be 
calculated 
 
Methodology used:  
Used a wedge shaped perforation in his model to evaluate the productivity of perforated wells. 
 
Conclusion reached:  
 Productivity can be increased the perforation length beyond the damaged zone 
 Distributing the perforation evenly would lead to optimum results 
 4 to 5 SPF is the optimum shot density 
 entry hole diameter not a major impact on productivity 
 
 
Comments:  
One of the early papers on well productivity 
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SPE 4792 (1974)  
Maximum Well Productivity in Damaged Formations Requires Deep, Clean Perforations 
 
Authors: 
Klotz, J. A., Krueger, R.F., Pey, D. S. 
 
Contribution to the understanding skin effect: 
Evaluated perforated well with drilling damage. 
 
Objective of the paper:  
To evaluate the impacts of different perforation parameters on perforated wells 
To evaluate the productivity of wells after being damaged by drilling activities 
 
 
Methodology used:  
A computer model was used to evaluate the impacts of different parameters on well productivity such as 
perforation tunnel length, phasing and perforation density. 
 
Conclusion reached:  
 To increase productivity, tunnel length has to be beyond the damaged zone 
 Less perforation density beyond the damaged zone is better than a large number of perforations 
within the damaged zone 
 Perforation Quality is more important than perforation length and density. 
  
 
Comments:  
One of the early papers on well productivity 
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SPE 18247-PA (1991)  
Semianalytical Productivity Models for Perforated Completions 
 
Authors:  
Karakas, M. and Tariq, S. M. 
 
Contribution to the understanding skin effect:  
Presents a semianalytical solution for the estimation of skin in perforated completions 
 
Objective of the paper:  
To present the theoretical analysis of the productivity of perforated completions  
 
Methodology used:  
Assumption made in this paper: 
The reservoir consists of single layer cylindrical formation of constant thickness 
The fluid is single phase and incompressible 
Flow is laminar  
Drainage radius is larger than the perforation penetration radius 
 
The steady state flow into perforated well can be described by: 
𝑞𝑝 =
2𝜋𝑘ℎ𝑡(𝑝𝑒−𝑝𝑤)
𝜇(ln(
𝑟𝑒
𝑟𝑤
)+𝑠𝑡)
…………………………………………………………………………………………………
…………(A-11) 
The author continues to examine the skin in perforation by discussing the effects of 2D flow in 
perforations. Vertical flow effects as well as crushed zone, anisotropy and damaged zone effects have 
been discussed. Equations for each situation have been presented as well. 
 
Conclusion reached:  
1. The productivity of perforated completions is essentially controlled by the perforation penetration 
and phasing.  
2. The effect of converging vertical flow into perforations can be measured in pseudoskin which in 
turn is a function of the dimensionless perforation parameters. 
3. The crushed zone around perforations increases the vertical resistance  to flow which essentially 
adds an extra vertical skin.  
4. Relationships were provided for combining openhole skin and perforation skin for perforation 
stopping in the damaged zone. 
 
 
Comments:  
The author assumes a cylindrical perforation surrounded by a crushed zone of reduced permeability.  
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SPE 4792 (1974)  
Maximum Well Productivity in Damaged Formations Requires Deep, Clean Perforations 
 
Authors: 
Klotz, J. A., Krueger, R.F., Pey, D. S. 
 
Contribution to the understanding skin effect: 
Evaluated perforated well with drilling damage. 
 
Objective of the paper:  
To evaluate the impacts of different perforation parameters on perforated wells 
To evaluate the productivity of wells after being damaged by drilling activities 
 
 
Methodology used:  
A computer model was used to evaluate the impacts of different parameters on well productivity such as 
perforation tunnel length, phasing and perforation density. 
 
Conclusion reached:  
To increase productivity, tunnel length has to be beyond the damaged zone 
Less perforation density beyond the damaged zone is better than a large number of perforations within the 
damaged zone 
Perforation Quality is more important than perforation length and density. 
 
Comments:  
One of the early papers on well productivity 
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SPE 15029 (1986)  
Maximum Well Productivity in Damaged Formations Requires Deep, Clean Perforations 
 
Authors: 
Todd, B. J., Bradley, D. J. 
 
Contribution to the understanding skin effect: 
Evaluated perforated well productivity and compared it to different models in the literature. 
 
Objective of the paper:  
To evaluate the impacts of different perforation parameters on perforated wells 
To evaluate the productivity of wells after being damaged by drilling activities 
 
 
Methodology used:  
A computer model based on the darcy solution to the radial diffusivity equation was used to evaluate the 
impacts of different parameters on well productivity such as perforation tunnel length, phasing. 
Compare the models to others in the literature 
 
Conclusion reached:  
Small damage around the well reduces the productivity substantially 
Gun stand off has an effect on well productivity 
Sixty degree phasing is the optimum for high well productivity 
Perforation Length is more important than hole diameter 
Increasing perforation density increases productivity 
 
Comments:  
One of the early papers on well productivity 
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SPE 23827-MS (1992)  
Analysis of Skins and the Performance of Gravel-Packed Completions in Oil and Gas Wells 
 
Authors: 
Okoye, C., Suriyakriangkai, S., Ghalambor, A., and Alcocer, C. 
 
Contribution to the understanding skin effect: 
Presented a mathematical solution for skin due to different completion such as: 
1. Open hole gravel packed well 
2. Cased hole perforated gravel packed well 
3. Collapsed perforation tunnel gravel packed well 
 
Objective of the paper:  
To examine the performances of gravel pack completions in oil and gas wells and the resultant skin. 
Moreover, develop a mathematical model to represent them. 
 
Methodology used:  
The author goes on explain how to calculate the skin factor fir the different components of the total skin 
factor in open hole, cased hole gravel packed wells and for wells with perforation terminating in and 
outside the damage zone which include: 
1. Skin due to restricted entry 
2. Skin due to slanted wells 
3. Skin due to liner 
4. Skin due to formation damage 
5. Skin due to gravel pack 
6. Skin due to nondarcy flow 
 
For the equation please check the paper 
 
 
Conclusion reached:  
1. Gravel pack doesn’t not affect the skin and productivity ratio strongly 
2. Shot density has the highest impact on skin and productivity ratio more than any other parameter 
such as perforation radius  
3. In the case of a cased hole perforated gravel pack, the higher the shot density the lower the skin 
4. Increasing perforation length and radius reduces the geometric skin 
5. The crushed zone due to perforation damage provide the highest skin 
6. Total skin is usually positive indicating damaged well 
 
 
Comments:  
This paper focuses on gravel pack completion and the situation faced in practice. 
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Appendix B: Pressure Transient Analysis of Pressure Responses from the Model for the Different 
Completions and the Resultant Skin 
 
 
 
 
Fig. B - 1: Pressure and Derivative Response of an Underbalanced 12"  
Perforation Tunnel Length and Varying Perforation Density 
 
Fig. B - 2: Pressure and Derivative Response of an Underbalanced 19.68" 
Perforation Tunnel Length and Varying Perforation Density 
Table B - 1: An Underbalanced 12" Perforation Tunnel Length, Input 
and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 12 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 11.3 
4 5.26 
8 2.47 
12 1.58 
24 0.72 
 
Table B - 2: An Underbalanced 19.68" Perforation Tunnel Length, Input 
and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 19 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 10.12 
4 4.69 
8 2.18 
12 1.39 
24 0.63 
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Fig. B - 3: Pressure and Derivative Response of an Underbalanced 39.36" 
Perforation Tunnel Length and Varying Perforation Density 
 
Fig. B - 4: Pressure and Derivative Response of an Underbalanced 4 SPF 
Density and  Varying Entry Hole Diameter 
Table B - 3: An Underbalanced 39.36” Perforation Tunnel Length Input 
and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 19 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 7.81 
4 2.88 
8 0.62 
12 -0.13 
24 -0.87 
 
Table B - 4: Underbalanced 4 SPF Density and Varying Hole Diameter 
Input and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 12 
Perforation Density (SPF) 4 
  Entry Hole Diameter (in) Skin 
0.39 6.71 
0.79 3.37 
1 2.7 
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Fig. B - 5: Pressure and Derivative Response of an Underbalanced 8 SPF 
Density Varying Entry Hole Diameter 
 
Fig. B - 6: Pressure and Derivative Response of an Underbalanced 12" 
Perforation Tunnel Length Varying Fluid Property and Perforation 
Density 
Table B - 5: Underbalanced 8 SPF Density and Varying Hole Diameter 
Input and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 12 
Perforation Density (SPF) 4 
  Entry Hole Diameter (in) Skin 
0.39 3.19 
0.79 1.52 
1 1.21 
 
Table B - 6: An Underbalanced 12" Perforation Tunnel Length and 
Varying Fluid Property and Perforation Density Input and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 19 
Entry Diameter (in) 0.5 
Formation Volume Factor 
(rbbl/STB) 
0.15 
Viscosity (cp) 0.85 
  Perforation Density (SPF) Skin 
2 11.14 
4 5.18 
8 2.36 
12 1.48 
24 0.75 
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Fig. B - 7: Pressure and Derivative Response of an Underbalanced 12” 
Perforation Tunnel Length Varying Perforation Density and Changing 
Reservoir Permeability 
 
Fig. B - 8: Pressure and Derivative Response of an Overbalanced 12” 
Perforation Tunnel Length and Varying Perforation Density 
Table B - 7: An Underbalanced 12” Perforation Tunnel Length Varying 
Perforation Density and Changing Reservoir Permeability Input and 
Results 
Formation Permeability (mD) 750 
Porosity 0.3 
Tunnel Length (in) 12 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 11.25 
4 5.27 
8 2.46 
12 1.59 
24 0.73 
 
Table B - 8: Overbalanced 12” Perforation Tunnel Length and Varying 
Perforation Density , Input and Results 
Formation Permeability (mD) 500 
Permeability of Crushed Zone (mD) 50 
Porosity 0.3 
Tunnel Length (in) 12 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 100.64 
4 49.94 
8 24.81 
12 16.48 
24 8.28 
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Fig. B - 9: Pressure and Derivative Response of an Underbalanced 12” 
Perforation Tunnel Length Varying Perforation Density and Changing 
Reservoir Permeability 
 
Fig. B - 10: Pressure and Derivative Response of an Open-Hole Gravel-
Pack with Varying kgp Permeabilities 
Table B - 9: An Underbalanced 12” Perforation Tunnel Length Varying 
Perforation Density and Changing Reservoir Permeability Input and 
Results 
Formation Permeability (mD) 500 
Permeability of Crushed Zone (mD) 250 
Porosity 0.3 
Tunnel Length (in) 12 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
2 21.24 
4 10.24 
8 4.95 
12 3.24 
24 1.56 
 
Table B - 10: Open- Hole Gravel-Pack with Varying kgp Permeabilities, 
Input and Results 
Formation Permeability (mD) 250 
Porosity 0.25 
  Permeability of Gravel-Pack Skin 
5 38.21 
25 7.78 
125 1.82 
250 1.03 
500 0.54 
1000 0.43 
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Fig. B - 11: Pressure and Derivative Response of an Open-Hole Gravel-
Pack with Varying kgp Permeabilities 
 
Fig. B - 12: Pressure and Derivative Response of an Open-Hole Gravel-
Pack with Varying kgp Permeabilities 
Table B - 11: Open- Hole Gravel-Pack with Varying kgp Permeabilities, 
Input and Results 
Formation Permeability (mD) 75 
Porosity 0.25 
  Permeability of Gravel-Pack Skin 
5 11.9 
25 2.8 
75 1.16 
150 0.68 
500 0.42 
1000 0.36 
 
Table B - 12: Open- Hole Gravel-Pack with Varying kgp Permeabilities, 
Input and Results 
Formation Permeability (mD) 500 
Porosity 0.25 
  Permeability of Gravel-Pack Skin 
5 79.26 
50 7.97 
500 0.99 
1000 0.63 
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Fig. B - 13: Pressure and Derivative Response of an Cased-Hole Gravel-
Pack with 12 SPF and Varying kgp Permeabilities 
 
 
Fig. B - 14: Pressure and Derivative Response of an Cased-Hole Gravel-
Pack with 12 SPF and Varying kgp Permeabilities 
Table B - 13: Cased-Hole Gravel-Pack with 12 SPF and Varying kgp 
Permeabilities, Input and Results 
Formation Permeability (mD) 500 
Porosity 0.3 
Tunnel Length (in) 86 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
400 20.17 
1000 8.96 
2500 4.55 
5000 3.12 
10000 2.33 
 
Table B - 14: Cased-Hole Gravel-Pack with 12 SPF and Varying kgp 
Permeabilities, Input and Results 
Formation Permeability (mD) 250 
Porosity 0.3 
Tunnel Length (in) 86 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
150 26.27 
200 20.1 
500 8.99 
1250 4.54 
2500 3.06 
4000 2.51 
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Fig. B - 15: Pressure and Derivative Response of an Cased-Hole Gravel-
Pack with 8 SPF and Varying kgp Permeabilities 
 
Fig. B - 16: Pressure and Derivative Response of Frac-Packed Well with 
a Constant Proppant Permeability and Varying Gravel-Pack 
Permeability 
Table B - 15: Cased-Hole Gravel-Pack with 8 SPF and Varying kgp 
Permeabilities, Input and Results 
Formation Permeability (mD) 250 
Porosity 0.3 
Tunnel Length (in) 86 
Entry Diameter (in) 0.5 
  Perforation Density (SPF) Skin 
250 48 
400 31.2 
1000 14.52 
2500 7.84 
5000 5.61 
 
Table B - 16: Frac-Packed Well with a Constant Proppant Permeability 
and Varying Gravel-Pack Permeability, Input and Results 
Formation Permeability (mD) 250 
Porosity 0.25 
Proppant Permeability (mD) 10000 
  Permeability of Gravel-Pack Skin 
5 75.65 
25 12.53 
100 1.02 
500 -2.35 
12500 -2.96 
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Fig. B - 17: :Pressure and Derivative Response of Frac-Packed Well with 
a Constant Proppant Permeability and Varying Gravel-Pack 
Permeability 
Fig. B - 18: Pressure and Derivative Response of Frac-Packed Well with 
a Constant Gravel-Pack Permeability and Varying Fracture Proppant 
Permeability 
Table B - 17: Frac-Packed Well with a Constant Proppant Permeability 
and Varying Gravel-Pack Permeability 
Formation Permeability (mD) 250 
Porosity 0.25 
Proppant Permeability (mD) 12500 
  Permeability of Gravel-Pack Skin 
5 71.07 
25 12.92 
100 0.78 
500 -2.35 
12500 -3.11 
 
Table B - 18: Frac-Packed Well with a Constant Gravel-Pack 
Permeability and Varying Fracture Proppant Permeability 
Formation Permeability (mD) 250 
Porosity 0.25 
Gravel-Pack Permeability (mD) 25 
  Permeability of Proppant Skin 
625 15.93 
1000 15.9 
2500 14.7 
6250 13.36 
12500 12.92 
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Fig. B - 19: Pressure and Derivative Response of Frac-Packed Well with 
a Constant Gravel-Pack Permeability and Varying Fracture Proppant 
Permeability 
 
Table B - 19: of Frac-Packed Well with a Constant Gravel-Pack 
Permeability and Varying Fracture Proppant Permeability 
Formation Permeability (mD) 250 
Porosity 0.25 
Gravel-Pack Permeability (mD) 500 
  Permeability of Proppant Skin 
625 0.67 
1000 0.19 
2500 -0.8 
5000 -1.6 
12500 -2.35 
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Appendix C: Completions in the Simulation Model 
The Completions in the model were developed in such a way to mimic the impact of their actual 
counterparts in practice. The completions developed in this model were developed to the best 
approximation within the limits provided by the simulator. Having that said, there are dedicated 
commercial software that models open hole and cased hole gravel-pack, frac-packs and perforated wells. 
However, with the software available, an approximation had to be made to mimic the impact and 
response. 
 
Perforated Wells Completion 
As mentioned in the main paper, small fractures were used to model the perforation. Properties such as 
entry hole diameter, tunnel length and damaged zone permeabilities were verified that they exist in 
practice from the literature and service company websites. The perforation in the model had an infinite 
permeability with a porosity of 100%. 
 
The Fig.s below show how the completion is visualized. 
 
 
Fig. C - 1: Perforated well with a 24 SPF Density 
 
Fig. C - 2: Perforated well with a 4 SPF Density 
 
For the overbalanced perforation, the cell in which the perforation exist had a reduced permeability to 
approximate the impact of the crushed zone have on skin of perforated wells. 
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Gravel-Pack Completions 
 
Open- Hole Gravel-Pack Completions. To simulate the impact of open hole gravel pack completion, 
the permeability of the cell in which the well exists was reduced or increased to match the gravel 
permeability desired. Moreover, the cells around the well were also reduced to have an approximate 
diameter that of a gravel pack found in wells. Thus the flow of fluid must go through the altered 
permeability zone (gravel-pack) to capture the response and in turn a pressure response of a well with 
gravel pack will be generated. Fig. C - 3 below shows an example of a gravel-pack completion. 
 
 
Fig. C - 3: Modeling of Open-Hole Gravel-Pack 
 
 
Cased-Hole Gravel-Pack Completions. The modelling of a cased-hole gravel-packed wells is in 
general difficult. In addition, because the simulator does not have the option of adding casing and 
selecting perforation densities, an innovative approximation to the completion had to be made. The 
cells around the well were altered such that it has the effect of a casing. However, because the cells are 
too big when compared to  real casing it produced larger skin values. However, to overcome this 
difficulty, the permeabilities in the x, y and z directions had to be selectively altered to zero 
permeability in the cells were no flow to the well is desired. Moreover, the fractures can’t be used in 
this type of simulation because the fractures will bypass the gravel-pack and thus no response will be 
seen as a consequence. Thus the cells were used as perforation and were approximated to a cone like 
perforation that has a tunnel length of 2.2 m. This was achieved by calculating the area of flow in to 
the cells that the fluid goes through with the area of a cone. Simple algebra will lead to a tunnel length 
of a 2.2 m. This has produced more realistic values of skin. Fig. C - 4 below shows an example of what 
was done to simulate this type of completions. 
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Fig. C - 4: Process of Modeling Cased-Hole Gravel-Pack 
 
 
Frac-Pack Well Completions 
Fractures in the model can’t be used in this type of completion because the fracture will bypass the 
gravel-pack placed in the model. Thus, the cells were used as finite conductive fracture by making the 
cells mimic the effect the fractures through increasing the permeability values. This method ensures that 
fluid flow to the fractures and to the well through the gravel-pack. Moreover, because the cell width is 
wide which makes the width of the fracture very wide and unrealistic, The permeabilities were reduced 
but the dimensionless finite fracture conductivity ratio was kept the same to produce the same equivalent 
pressure response of a small width fracture. Fig. C - 1below shows how the frac pack completion was 
modelled. 
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Fig. C - 5: Modeling of Frac-Packs, The Red Line Represent the Fracture with High Permeability 
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Appendix D: Code Used to Do Simulation Runs in tNavigator 
 
Base Case 
RUNSPEC 
TITLE                                  -- Generated : Petrel 
DD_BU 
WELLDIMS                               -- Generated : Petrel 
  1 4 4 3 / 
START                                  -- Generated : Petrel 
  1 JAN 2012 / 
OIL                                    -- Generated : Petrel 
PETOPTS                                -- Generated : Petrel 
INITNNC EDITSUPP / 
MONITOR                                -- Generated : Petrel 
MULTOUT                                -- Generated : Petrel 
METRIC                                 -- Generated : Petrel 
DIMENS                                 -- Generated : Petrel 
  141 141 4 / 
TABDIMS                                -- Generated : Petrel 
  12* 1 / 
GRID 
INCLUDE                                -- Generated : Petrel 
'Grid4Frac.GRDECL' / 
PERM 
79524*250 
/ 
PORO 
79524*.25 
/ 
PERMY 
79524*250 
/ 
PERMZ 
79524*25 
/ 
NOECHO                                 -- Generated : Petrel 
PETGRID                                -- Generated : Petrel 
'DD_BU.GSG' / 
ECHO                                   -- Generated : Petrel 
EDIT 
INIT 
PROPS     
ROCKOPTS                               -- Generated : Petrel 
  1* 1* ROCKNUM / 
SWOF 
0 0 1 0 
0.1 0.000001 0.853814968 0 
0.2 0.000064 0.715541753 0 
0.3 0.000729 0.585662019 0 
0.4 0.004096 0.464758002 0 
0.5 0.015625 0.353553391 0 
0.6 0.046656 0.252982213 0 
0.7 0.117649 0.164316767 0 
0.8 0.262144 0.089442719 0 
0.9 0.531441 0.031622777 0 
1 1 0 0 
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 / 
ROCK                                   -- Generated : Petrel 
           168   0.00017717 / 
RSCONSTT                               -- Generated : Petrel 
           320       76.532 / 
PVDO                                   -- Generated : Petrel 
        76.532       1.22      1 
        82.737       1.219      1 
        89.632       1.218     1 
        96.527       1.217      1 
       110.32       1.216      1 
 200      1.215      1 
 250          1.214      1 
 300          1.213      1 
 350          1.212      1    
 400          1.211      1 
  / 
DENSITY                                -- Generated : Petrel 
           850 1*      0.81172 / 
FILLEPS  
-- Water PVT table 
--    Ref. press.  FVF-WATER  Compressibility  Viscosity  Viscosibility 
--     (BAR)       (RM3/SM3)      (1/BAR)     (CPoise)      (1/BAR) 
PVTW 
        100          1.0          0.00005          1.0         0.0  / 
NPROPANTS 
2 / 
PROPANTNAMES 
'proppant 12/18' 'proppant 16/20'  
PROPANTTABLE 
100 5000 3 
200 5000 3 
300 5000 3  
350 5000 3 
400 5000 3 
435   5000   3.0 
725   5000  2.5 
1450  5000  2.0 
2175  5000  1.5 
2900  5000  1.3 
3625  5000  1.1 
4350  5000  1.0  
5075  5000  0.9 
5800  5000  0.7 
11600  5000  0.1 
14500 5000 0.01 / 
REGIONS 
NOECHO                                 -- Generated : Petrel 
ECHO                                   -- Generated : Petrel 
SOLUTION 
EQUIL                                  -- Generated : Petrel 
          1500          345         1620            0 1*            0 0 
  0 0 / 
RPTRST                                 -- Generated : Petrel 
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  BASIC=3 FLOWS / 
RPTSOL                                 -- Generated : Petrel 
  RESTART=2 FIP / 
SUMMARY 
 
 
WSTAT                                  -- Generated : Petrel 
  / 
WWGR                                   -- Generated : Petrel 
  / 
GWGR                                   -- Generated : Petrel 
  / 
FWGR                                   -- Generated : Petrel 
WWCT                                   -- Generated : Petrel 
  / 
GWCT                                   -- Generated : Petrel 
  / 
FWCT                                   -- Generated : Petrel 
FRV                                    -- Generated : Petrel 
WTHP                                   -- Generated : Petrel 
  / 
TIMESTEP                               -- Generated : Petrel 
FRS                                    -- Generated : Petrel 
WVPR                                   -- Generated : Petrel 
  / 
GVPR                                   -- Generated : Petrel 
  / 
FVPR                                   -- Generated : Petrel 
WVPT                                   -- Generated : Petrel 
  / 
GVPT                                   -- Generated : Petrel 
 / 
FVPT                                   -- Generated : Petrel 
WVIR                                   -- Generated : Petrel 
  / 
GVIR                                   -- Generated : Petrel 
  / 
FVIR                                   -- Generated : Petrel 
WVIT                                   -- Generated : Petrel 
  / 
GVIT                                   -- Generated : Petrel 
  / 
FVIT                                   -- Generated : Petrel 
WPI                                    -- Generated : Petrel 
  / 
WWPR                                   -- Generated : Petrel 
  / 
GWPR                                   -- Generated : Petrel 
  / 
FWPR                                   -- Generated : Petrel 
WOPR                                   -- Generated : Petrel 
  / 
GOPR                                   -- Generated : Petrel 
  / 
FOPR                                   -- Generated : Petrel 
WGPR                                   -- Generated : Petrel 
  / 
GGPR                                   -- Generated : Petrel 
  / 
FGPR                                   -- Generated : Petrel 
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WEPR                                   -- Generated : Petrel 
  / 
WWPT                                   -- Generated : Petrel 
  / 
GWPT                                   -- Generated : Petrel 
  / 
FWPT                                   -- Generated : Petrel 
WOPT                                   -- Generated : Petrel 
  / 
GOPT                                   -- Generated : Petrel 
  / 
FOPT                                   -- Generated : Petrel 
WGPT                                   -- Generated : Petrel 
  / 
GGPT                                   -- Generated : Petrel 
  / 
FGPT                                   -- Generated : Petrel 
FPPW                                   -- Generated : Petrel 
FPPO                                   -- Generated : Petrel 
FPPG                                   -- Generated : Petrel 
WBP9                                   -- Generated : Petrel 
  / 
WBP5                                   -- Generated : Petrel 
  / 
WBP4                                   -- Generated : Petrel 
  / 
WBP                                    -- Generated : Petrel 
  / 
FPR                                    -- Generated : Petrel 
FWIP                                   -- Generated : Petrel 
FOIPG                                  -- Generated : Petrel 
FGIPL                                  -- Generated : Petrel 
FOIP                                   -- Generated : Petrel 
FOIPL                                  -- Generated : Petrel 
FGIP                                   -- Generated : Petrel 
FGIPG                                  -- Generated : Petrel 
WWIR                                   -- Generated : Petrel 
  / 
GWIR                                   -- Generated : Petrel 
  / 
FWIR                                   -- Generated : Petrel 
WOIR                                   -- Generated : Petrel 
  / 
GOIR                                   -- Generated : Petrel 
  / 
FOIR                                   -- Generated : Petrel 
WGIR                                   -- Generated : Petrel 
  / 
GGIR                                   -- Generated : Petrel 
  / 
FGIR                                   -- Generated : Petrel 
WWIT                                   -- Generated : Petrel 
  / 
GWIT                                   -- Generated : Petrel 
  / 
FWIT                                   -- Generated : Petrel 
WOIT                                   -- Generated : Petrel 
  / 
GOIT                                   -- Generated : Petrel 
  / 
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FOIT                                   -- Generated : Petrel 
WGIT                                   -- Generated : Petrel 
  / 
GGIT                                   -- Generated : Petrel 
  / 
 
FGIT                                   -- Generated : Petrel 
WGOR                                   -- Generated : Petrel 
  / 
GGOR                                   -- Generated : Petrel 
  / 
FGOR                                   -- Generated : Petrel 
WBHP                                   -- Generated : Petrel 
  / 
SCHEDULE 
-- This file has been generated by tNavigator 
-- Copyright (C) RFDynamics 2003-2012. 
-- All rights reserved. 
RPTRST 
 'BASIC=3' 'FREQ=1' / 
RPTSCHED 
 'WELLS=2' 'SUMMARY=2' 'fip=3' 'RESTART=1' 'WELSPECS' 'CPU=2' / 
WELSPECS 
-- name   group   iw   jw   ref.depth   phase 
 'PRODUCER' 'G1'  71 71 1* 'OIL' 1* 1* 1* 1* 1* 1* / 
/ 
COMPDAT 
-- wname   iw   jw   kw1   kw2   status   filt.tbl.   pi   diameter   kh   skin   D-factor   direction 
 'PRODUCER'  71 71 1 4 'OPEN' 1* 1* 1* 1* 0 1* 'Z' 1* / 
/ 
GRUPTREE 
-- group  parent 
 'GROUP 1' 'FIELD' / 
 'GROUP 2' 'FIELD' / 
 'G1' 'FIELD' / 
/ 
GCONPROD 
-- gname control orate wrate grate lrate... 
 'G1' 'ORAT' 500 1* 1* 1* 'RATE' 1* 1* 1* 1* 1* 1* / 
/ 
WCONPROD 
-- name mode control orate wrate grate lrate lrate(rc) pref THP VFP 
 'PRODUCER' 1* 'BHP' 1* 1* 1* 100000 1* 100 1* 1* / 
/ 
TSTEP 
--1.15741E-10 
--1.15741E-9 
--1.15741E-8 
2.32E-06 
5*2.315e-7 
5*2.315E-6 
50*2.315E-5 
25*2.315E-4 
25*2.315E-3 
12*0.0833334 
/ 
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Appendix E: Corey Parameters for Relative Permeability Curves 
 
Table E - 1: Corey Parameters for Base Case 
Fluid Type Base Case 
Water Exp. 6 
Oil Exp. 1.5 
Initial Water Saturation 0 
 
Table E - 2: Corey Parameters for Modified Case 
Fluid Type Modified 
Water Exp. 6.5 
Oil Exp. 1.25 
Initial Water Saturation 0 
 
 
